Determining accurate phylogenetic relationships among the members of the woody Sonchus alliance presents challenges because of an insufficient level of molecular variation and the convergent evolution of similar morphological traits in island settings. To obtain a better resolved phylogeny and to test the potential role of hybridization and introgression, we sequenced all members of the alliance with multiple populations for the ITS of nrDNA and over 4000 base pairs of coding and noncoding regions of cpDNA. The cpDNA phylogeny is not well resolved in the core members of the alliance (i.e., subg. Dendrosonchus and genus Taeckholmia), but like the ITS tree, it has identified basal lineages of monotypic genera. The cpDNA data set was not significantly different from that of ITS, and subsequent combined analysis provided a better resolved and supported phylogeny within the alliance. The combined ML tree identified the same basal lineages, suggested nonmonophyly of Dendrosonchus and Taeckholmia, and did not support either Boulos' or Aldridge's infrasubgeneric classification system. Assessment of the role of hybridization and introgression was limited due to poor resolution in the cpDNA phylogeny. The combined analysis supports a Gran Canaria origin for the alliance and two subsequent long distance dispersal events to Madeira and Cape Verde islands.
High in endemism and rich in morphologically unusual organisms, the special character of oceanic islands was recognized by Carlquist (1974) , who described them as ''natural laboratories'' for the interpretation of plant evolutionary processes. Numerous molecular phylogenetic studies have subsequently shed further light on the historical patterns of organismal evolution and their underlying mechanisms in islands (see examples in Baldwin et al., 1998) . A lack of accumulated molecular sequence variation and the convergence of morphological traits have, however, limited the ability to make sense of the evolutionary past of many endemic plants, especially those suspected to be the products of adaptive radiation. This inadequacy is further confounded by the possibly misleading inferences that have been based on single-marker phylogenies (i.e., ''gene tree'' vs. ''species tree'' differences), as well as the poorly documented role of hybridization and introgression in adaptive radiations (for an exception, see Howarth and Baum, 2005) .
The woody Sonchus alliance (Asteraceae: Sonchinae), which includes six genera and ca. 31 species, is a premier example of adaptive radiation among angiosperms in Macaronesia (Aldridge, 1975 (Aldridge, , 1979 . It comprises 19 species of woody pachycaulous members of Sonchus (subg. Dendroson- gence and the polytomy in the phylogenetic trees suggest a rapid radiation of major lineages early in the history of the alliance. An enzyme electrophoresis study was also conducted to assess genetic diversity within and divergence among species of the alliance (Kim et al., 1999b) . This study found relatively high mean genetic identities (i.e., 0.804) for all species, supporting the genetic cohesiveness of the alliance. In addition, species in the alliance have about 50% higher total genetic diversity (H T ) than the mean for other oceanic endemics (see reviews de Joode and Wendel, 1992; Crawford et al., 2001 ). Lastly, these previous studies hypothesized that the radiation of the alliance took place in the Canary Islands, most likely either Gran Canaria or Tenerife, during the late Miocene or early Pliocene.
Despite the previous studies, several important issues and questions remain to be considered in the evolution of the woody Sonchus alliance. First, resolution of phylogenetic relationships within the alliance has proved a difficult challenge, [Vol. 92 AMERICAN JOURNAL OF BOTANY in part because of a lack of sequence variation in the ITS of nrDNA. As a result, relationships among taxa are poorly resolved, with the exception of identifying lineages that radiated early . Second, very low bootstrap and decay values, with the exception of one clade, supported relationships within the alliance. Third, a single nuclear marker, especially the ITS region of nrDNA, may mislead phylogenetic inference due to several molecular genetic processes (Á lvarez and Wendel, 2003) . Fourth, taxon sampling was limited in the previous phylogenetic study. Lastly, the ITS phylogeny indicated potential hybridization and introgression events between subg. Dendrosonchus and the genus Taeckholmia: two species of subg. Dendrosonchus, S. gonzalezpadronii and S. ortunoi, were clustered with several species of Taeckholmia in a very strongly supported clade (98% bootstrap value). Therefore, it was necessary to obtain additional molecular markers, especially from the chloroplast genome, to estimate accurately the phylogenetic relationships within the alliance and also to test for hybridization and introgression. Furthermore, it is also critical to sample multiple populations, especially from species occurring in more than one island and also for widely distributed ones on a single island.
The objectives of this study were (1) to reconstruct phylogenetic relationships within the alliance, based on ITS of nrDNA, with complete and detailed geographic sampling, (2) to independently reconstruct a cpDNA phylogeny based on the matK gene and noncoding regions, (3) to evaluate the infrasubgeneric or infrageneric classifications of the subg. Dendrosonchus and genus Taeckholmia, and (4) to assess hybridization and introgression hypotheses based on ITS and cpDNA phylogeny.
MATERIALS AND METHODS
Taxon sampling and classification-In this study, we sampled multiple individuals and populations of all species of the alliance (Appendix). Specifically, we included multiple populations of all Madeiran Dendrosonchus species and several species with restricted distributions in the Canaries (i.e., Sonchus tuberifer, S. brachylobus, S. gandogeri, S. bornmuelleri, S. fauces-orci, T. capillaris, T. canariensis, T. arborea, and T. microcarpa) . We also sampled multiple populations of species that have wide geographic distributions on single or multiple islands: Babcockia, Chrysoprenanthes, Lactucosonchus, S. congestus, S. acaulis, S. canariensis, S. palmensis, S. hierrensis, T. pinnata, and T. heterophylla . We also included one newly described species, S. wildpretii, as well as S. bornmuelleri and the S. gummifer complex sensu Aldridge (S. gummifer, S. radicatus, and S. tectifolius) .
There have been many different classifications, name changes, and suggestions for members of the woody Sonchus alliance (e.g., Aldridge, 1975 Aldridge, , 1976 Reifenberger and Reifenberger, 1996; Sennikov and Illarionova, 1999; Bramwell and Bramwell, 2001; Bramwell, 2003) . It seemed premature to make name changes and to propose new classification with a lack of strong molecular and/or morphological data. Therefore, we adopted the classfication of Boulos (1967 Boulos ( , 1972 Boulos ( , 1974a , which represents the first complete revision of the genus Sonchus and several other segregate genera.
PCR reaction and DNA sequencing-Total genomic DNA was isolated from leaf tissue using the CTAB method of Doyle and Doyle (1987) and DNeasy plant mini kits (QIAGEN, Valencia, California, USA). The ITS of nrDNA was amplified as described previously (Kim et al., 1996a, b) , and cpDNA trnT-L-F noncoding regions were separately amplified using the universal primers (Taberlet et al., 1991) under the same conditions as ITS. PCR products of approximately 100 L of each sample were purified with the QiaQuick PCR Purification kit (QIAGEN). Direct sequencing of PCR products was performed with ABI PRISM BigDye Terminator v3.1 Ready Reaction Cycle Sequencing kit (Applied Biosystems, Foster City, California, USA), and extension products were purified and subsequently separated on ABI377 and 3730 automated sequencing machines (Applied Biosystems). For sequencing reactions for ITS, we used two additional internal primers: ITS3 and ITS2 (White et al., 1990) . For trnT-L-F regions, we used the same PCR amplification primers for the sequencing reaction. In the case of the matK gene and adjacent noncoding regions (5ЈtrnK-matK, matK-3ЈtrnK, and trnKpsbA), we used two primers designed by Johnson and Soltis (1995) for PCR amplification (trnK-3914F(dicot), 5Ј-GGG GTT GCT AAC TCA ACG G-3Ј and psbA-R, 5Ј-CGC GTC TCT CTA AAA TTG CAG TCA T-3Ј). Reaction conditions were an initial 5 min at 94ЊC followed by 40 cycles of 1 min at 94ЊC, 1 or 2 min at 50ЊC, and 2 min at 72ЊC, with a final extension time of 10 min at 72ЊC. For the sequencing reaction, we designed eight internal primers based on Sonchus species and used them with one PCR primer (psbA-R). The eight internal primers are as follows: matK665R (5Ј-TGA TAC ATA GTG CGA TAC AGT-3Ј), matK665F (5Ј-ACT GTA TCG CAC TAT GTA TCA-3Ј), matK892R (5Ј-CGT TTC ACA ATT AGT AAG C-3Ј), matK1282F (5Ј-GTC ATA ATT GGG ATA GTC-3Ј), matK1939R (5Ј-GCC CAA AGC GGT CAA TAA-3Ј), matK1934F (5Ј-TGA TAT TAT TGA CCG CTT TGG GC-3Ј), matK2430R (5Ј-ACT CAG TTC CTT CAT TAG A-3Ј), and matK2378F (5Ј-TGA TGT AGT ACG GAG TAA GGA TG-3Ј).
Base calling and sequence editing were performed with Sequencher 4.1 (Gene Codes, Ann Arbor, Michigan, USA). Newly obtained ITS sequences were manually entered and visually aligned to the previously existing MacClade (version 4; Maddison and Maddison, 2000) data matrix. Both trnT-L-F and matK gene sequences were combined and manually aligned using MacClade due to low sequence variation. All data matrices are available upon request from the corresponding author.
Phylogenetic analyses-For each ITS and combined cpDNA data set, phylogenetic analyses using Fitch parsimony were performed with PAUP* (version 4.0; Swofford, 2001) using the HEURISTIC search option with TBR branch swapping and MULPARS on. Sonchus palustris was used as an outgroup based on the previous studies (Kim et al., 1996a, b) . Phylogenetic analyses of the subtribe Sonchinae based on ITS (73 species and three subspecies; a total of 123 accessions) and matK gene sequences (58 species and two subspecies; a total of 95 accessions) strongly suggest that the entire alliance is monophyletic (100% and 88% bootstrap support in the ITS and cpDNA tree, respectively; S.-C. Kim, unpublished data). Thus, we used S. palustris, one of the sister species based on the previous ITS tree, to root the trees. Gaps were treated as missing data because all but one were phylogenetically uninformative (see Results, trnT-L-F and matK data set). Support for groups was examined by 1000 bootstrap replicates (Felsenstein, 1985) using the HEURISTIC search option from a simple addition sequence with TBR branch swapping. Pairwise sequence divergence was calculated using the Kimura 2-parameter method (Kimura, 1980 ) and a neighbor-joining (Saito and Nei, 1987) tree was constructed using PAUP*. Each data set was also analyzed using likelihood methods to determine the stability of the parsimony results with an explicit model-based approach (Felsenstein, 1981) . ''Optimal'' models of molecular evolution were chosen using the likelihood ratio test (Goldman, 1993; Whelan and Goldman, 1999) implemented in ModelTest (Posada and Crandall, 1998) . Model parameters then were imported into PAUP*, and heuristic searches were executed. Model parameters were reestimated from the initial maximum likelihood (ML) tree and the process repeated until the topology remained constant. ML bootstrap analyses with 50 replicates were conducted using the same parameter values obtained from the ModelTest. Congruence between ITS and cpDNA data sets were tested using the incongruence length difference (ILD) test (Farris et al., 1995) as implemented by the partition homogeneity test in PAUP* for 50 replicates (heuristic search, simple addition, TBR branching swapping), each saving a maximum of 1000 most parsimonious trees per replicate.
Character optimization was performed using Fitch parsimony (ACCTRAN optimization) for island distribution using MacClade 4.0 (Maddison and Maddison, 2000) . Character state for island distribution of the outgroup species was coded as ''0,'' and it was different from the eight states assigned to the ingroup island endemics. Character optimization was mapped onto one of the two ML trees (Fig. 4) based on the combined data set.
ITS data set-Complete overlapping sequences for the entire ITS region, including 5.8S, were obtained using the four ITS sequencing primers (White et al., 1990) . Lengths of ITS1 and ITS2 in the newly sequenced members of the woody Sonchus alliance are within the size range reported previously (Kim et al., 1996a (Kim et al., , b, 2004 . For the initial phylogenetic analysis, we included a total of 101 populations (100 ingroup and one outgroup), representing 30 species, two subspecies, and three varieties (65 of which were newly sequenced in this study). Species with identical ITS sequences were excluded, leaving a total of 58 ingroup populations, with the same number of species as in the initial analysis, to be further analyzed.
Average pairwise sequence divergence between outgroup (S. palustris) and ingroup taxa was 7.39%, while within ingroup divergence was 1.74%. Average sequence divergence among segregate genera (excluding Taeckholmia) was 2.11%, and 2.43% between segregate genera and subg. Dendrosonchus, including Taeckholmia. Within subg. Dendrosonchus and Taeckholmia, average sequence divergence was 1.57% and 0.68%, respectively. These average values were somewhat lower than those previously reported because we included many conspecific populations in this study.
A total of 479 aligned characters, excluding the 5.8S region, were used for phylogenetic analyses. We found 394 constant characters (82%), 39 variable parsimony-uninformative characters (8%), and 46 parsimony-informative characters (9.6%). The heuristic search resulted in more than 500 000 trees, with a tree length (TL) of 112, a consistency index (CI) of 0.8304 (excluding uninformative characters ϭ 0.7324), and a retention index (RI) of 0.9181. The strict consensus tree (not shown) of this search is poorly resolved, except it shows early divergence of Babcockia from the remaining taxa and recognizes two major clades within the alliance (see Fig. 2 , ML tree). Because the maximum likelihood (ML) trees are a subset of the maximum parsimony (MP) trees, we present and base our discussion on the ML result (Fig. 2 ). The LRT model found 34 trees (Ϫln ϭ 1367.8416), while the AIC model found 120 trees with higher likelihood scores (Ϫln ϭ 1362.0342). These trees represent a subset of MP trees and thus one of 120 trees based on AIC will be used for discussion.
The ML analysis resulted in a tree similar to the previous MP tree . Babcockia is suggested to have diverged first within the alliance. The phylogenetic relationships of the three monotypic genera, Chrosyprenanthes, Sventenia, and Lactucosonchus, and Sonchus tuberifer (hereafter referred to as the ''basal lineages'') are unresolved. A major radiation of the remaining taxa, the subg. Dendrosonchus and genus Taeckholmia, follows the radiation of basal lineages (Fig. 2) . Within Dendrosonchus and Taeckholmia, four major groups can be recognized. Group I includes only S. faucesorci from Tenerife, Canary Islands. Group II is comprised of three species of Dendrosonchus (S. pinnatifidus, S. wildpretii, and S. brachylobus) and one species of Taeckholmia (T. arborea). Group III includes all Madeiran Dendrosonchus species in group III-A and strongly supported group III-B with majority of Dendrosonchus species (i.e., S. congestus, S. acaulis, S. canariensis, S. palmensis, S. gandogeri, S. hierrensis, and S. bornmuelleri) . Group IV is composed of the majority of Taeckholmia species with several Dendrosonchus species (i.e., S. radicatus, S. gummifer, S. tectifolius, S. ortunoi, and S. gonzalezpadronii) , and this group is one of the few strongly supported clades in the ITS ML tree.
The trnT-L-F and matK data set-The aligned cpDNA sequences of 73 accessions representing 31 species and 1 subspecies, including S. palustris as an outgroup, resulted in 4249 base pairs (bp). The size of the trnT-L intergenic spacer ranged from 579 to 610 bp, and one 13-bp deletion was found in Lactucosonchus, and one 17-bp deletion was found in all ingroup taxa. The trnL intron ranges from 437 to 449 bp; one 11-bp indel was shared by all ingroup taxa, except Sventenia and Babcockia. The length of trnL-F varied from 335 to 336 bp, and no indels were found in this region. In case of the matK gene and adjacent noncoding regions, the length varied from 2828 to 2846 bp, and one 17-bp direct repeat insertion was found in T. pinnata (Gran Canaria population). Because all chloroplast markers are inherited as a single unit and the markers we sampled had low substitution rates, we combined all trnT-L-F and matK sequences for phylogenetic analyses.
Of the 4249 aligned base pairs, 4187 bp (98.5%) were constant and 62 bp (1.5%) were variable. Of the 62 variable sites, 33 (0.78%) were parsimony uninformative, while 29 (0.68%) were parsimony informative. MP analysis found 486 equally parsimonious trees with a TL of 68, a CI of 0.9118 (0.8286 excluding uninformative), and a RI of 0.9577. The strict consensus tree (not shown) and the NJ tree were similar to the ML tree (Fig. 3) ; thus our discussion will be based on the ML tree. ML analyses employing LTR (TrN ϩ I ϩ G) and AIC (GTR ϩ I) criteria recovered a single tree (Fig. 3) . The cpDNA ML tree shows early divergence of the three monotypic genera, Sventenia, Babcockia, and Chrysoprenanthes, without any resolution, within the alliance. The monotypic genus Lactucosonchus, then diverged, and it turns out to be sister to the strongly supported (94%) clade that includes subg. Dendrosonchus and genus Taeckholmia. Within this clade, relationships, however, are poorly resolved and, unlike in the ITS ML tree (Fig. 2) , S. tuberifer is deeply nested within this poorly resolved clade. The group II, weakly supported in the ITS ML tree, is no longer monophyletic, but the four species in this group are in turn sisters to the remainder of the subg. Dendrosonchus and genus Taeckholmia.
Partition homogeneity test and combined analysis-The partition homogeneity test for the ITS and cpDNA indicated that the partitions were not significantly different from random partitions (P ϭ 0.12). Therefore, we combined the two data sets to explore whether resolution and support would be improved by increasing the amount of sequencing data. Only 48 accessions (representing 30 species and one subspecies), which are completely overlapping between the two data sets, were analyzed. The MP analysis found 69 418 equally parsimonious trees with a TL of 172, a CI of 0.8605 (0.75 excluding uninformative), and a RI of 0.9080. The strict consensus tree is very similar to the tree based on ML analysis, and thus our discussion will be based on the ML tree (Fig. 4) . ML analyses of combined data sets employing different models (TrN ϩ I ϩ G and GTR ϩ I for LRT and AIC criteria, respectively) recovered two trees with identical branching patterns in each instance, and thus we present the ML topologies based on AIC criteria only. The only difference between the two trees is in the relationship between T. arborea and S. wildpretii (clade II; Fig. 4 ). The ML phylogeny based on a combined data set (Fig. 4) is similar to both the ITS and cpDNA trees. However, it is more similar to the ITS and provides better resolution than separate analysis. Like the ITS tree, it identified basal lineages, such as Babcockia, Sventenia, Chrysoprenanthes, and Lactucosonchus: Babcockia diverged first, then Sventenia and Chrysoprenanthes, and finally Lactucosonchus. The monotypic genus Lactucosonchus is shown to be sister to the clade containing all members of subg. Dendrosonchus and genus Taeckholmia, including S. tuberifer. The relationships within basal lineages were very weakly supported (64 and 53%), but the combined analysis resolved the relationships within them, except in Sventenia and Chrysoprenanthes. Sonchus tuberifer, the only species of subg. Sonchus in the alliance, is deeply embedded within the clade containing subg. Dendrosonchus and genus Taeckholmia; it is sister to S. fauces-orci, which occurs sympatrically (Teno, Tenerife), but with very weak bootstrap support (Ͻ50%) (hereafter, these two species will be referred to as clade II). Monophyly of core members of the alliance (i.e., Dendrosonchus and Taeckholmia), including S. tuberifer, was strongly supported (92%) in the ML tree, and four clades were identified with moderate to strong support (clades I and II were very weakly supported, Ͻ50%). The relationships within the core members of the alliance were very similar to those in the ITS phylogeny; all four major groups in the ITS tree were also recognized in the tree of combined analysis.
Overall, the combined data set provides a more highly resolved and strongly supported tree compared to separate analysis of each data set. The average bootstrap value in ITS, cpDNA, and combined analyses was 59, 70, and 77%, respectively. In addition, the number of resolved internal nodes for each data set and combined data set analysis was 3, 2, and 12, respectively. Therefore, the ML tree (Fig. 4) is used as the working phylogenetic hypothesis for the woody Sonchus alliance.
Optimization of biogeographic data-The most parsimonious character optimization for island distribution require 17 steps (Fig. 5) . The character reconstruction suggests that ancestral lineages of the woody Sonchus alliance originated in the Canary Islands, followed by colonization of the Madeira and Cape Verde Archipelagos. Gran Canaria is the most likely ancestral area of the entire woody Sonchus alliance, and thus the Canary Islands represent the ancestral archipelago.
DISCUSSION
The woody Sonchus alliance phylogeny and taxonomic implications-This study provides the best estimate to date of the phylogenetic relationships of the woody Sonchus alliance in the Macaronesian Islands. It is the first to include all members of the alliance and has the advantage of more extensive sampling from multiple populations and more clearly resolved relationships than reported in previous studies . However, we are still far from a complete understand- ing of the alliance phylogeny because several internal branches remain weakly supported and relationships between closely related species are still unresolved. Nevertheless, this study provides important novel relationships among the members that have implications for further taxonomic and phylogenetic studies of the woody Sonchus alliance.
Monophyly of the alliance and relationships within basal lineages-The monophyly of the woody Sonchus alliance within the subtribe Sonchinae sensu Bremer was strongly supported in this as well as in previous studies (Kim et al., 1996a, b; S.-C. Kim, unpublished data) . This clearly indicates that all members of the alliance diverged rapidly on the islands after a common ancestor dispersed from a continental source. The monophyly of the woody Sonchus alliance contrasts with cases of multiple introductions of the Macaronesian endemics (see examples in Carine et al., 2004) . We still know little about the putative continental progenitor(s) or the closest relatives, but it is evident that all members of the alliance on the three archipelagoes share a recent common ancestor. Very low sequence divergences in the ITS and cpDNA and the many unresolved relationships in the phylogenetic tree suggest that the entire alliance has undergone a recent and rapid radiation.
The combined ML tree indicated that the monotypic genus Babcockia diverged first. Our previous work (Kim et al., 1996a, b) suggested that the herbaceous monotypic genus Lactucosonchus diverged first. Babcockia platylepis, a small shrub with very large capitula that is endemic to Gran Canaria, is evidently the oldest member of the alliance. Babcockia is widely distributed in higher elevations (800-1600 m) of Gran [Vol. 92 AMERICAN JOURNAL OF BOTANY Canaria, which is approximately 14-16 million years old. It has been considered to be one of subg. Dendrosonchus species, Sonchus platylepis, by various authors (Aldridge, 1975 (Aldridge, , 1976 (Aldridge, , 1979 Sennikov and Illarionova, 1999; Bramwell and Bramwell, 2001 ). If we, however, recognize the three monotypic genera, Sventenia, Lactucosonchus, and Chrysoprenanthes, the current molecular phylogenetic study strongly suggests that Babcockia should also be retained as a monotypic genus because it is not closely related to any members of subg. Dendrosonchus and genus Taeckholmia (Fig. 4) . After initial divergence of Babcockia, two monotypic genera in Gran Canaria, Sventenia and Chrysoprenanthes, diverged. Sventenia bupleuroides is a small caudex perennial (up to 30 cm) and very rare on shady, humid, vertical rocks in the western region of Gran Canaria. It has several unique morphological features, such as entire leaves, beaked cypselas, and yellow-tipped glandular hairs covering the inflorescence stalk, peduncles, and involucral bracts. Chrysoprenanthes pendula, once placed in the genus Prenanthes, commonly occurs in the mountain cliffs on the south and west sides of Gran Canaria. It is a small shrubby cliff plant and is unique in having heads with only 5-6 florets. The close relationship between the two genera was unexpected because they do not share any morphological characters within the alliance. The geographic distribution patterns of the two taxa, however, suggest they could share a most recent common ancestor.
The monotypic genus Lactucosonchus is a herbaceous perennial with extremely long tuberous roots (but see Bramwell and Bramwell, 2001) and is sister to the core members of the alliance, including S. tuberifer. The early divergence of Lactucosonchus within the alliance has been weakly supported in previous studies. Because it also occurs locally on a geologically young island, La Palma (Ͻ2 Myr), it is plausible that Lactucosonchus is not the oldest member of the alliance. The closer relationship of Sonchus tuberifer to the core alliance members rather than to the basal lineages was unexpected (Figs. 3 and 4) . Because the bootstrap support for the core alliance is very weak (31%) in the ITS ML tree (Fig. 2) and a branch was collapsed in the strict consensus MP tree (not shown), it remains possible that S. tuberifer is closely related to the core alliance members. Sonchus tuberifer occurs in a geologically old part of western Tenerife, Teno (7.4 Myr), with S. fauces-orci, and it is possible that it shares its most recent common ancestor with the core alliance rather than to the taxa in the basal lineages. If this is true, the herbaceous habit with tuberous roots shared by Lactucosonchus and S. tuberifer must have evolved independently; the core alliance members are shrubs or small shrubs and have tap-roots or rhizomes. In addition, the circumscription of the subg. Dendrosonchus and genus Taeckholmia has to be re-evaluated (discussed later). Taeckhol mia-The taxonomic treatments of the subg. Dendrosonchus have all more or less followed the original workers in the separation of S. leptocephalus and similar taxa, in the retention of S. pinnatus and similar taxa within the body of the broadleaved group, and finally in the groups of S. fruticosus with the pinnatus group. Boulos' treatment (1967 Boulos' treatment ( , 1974a differed only in the rank accorded to each group and in the recognition of the large headed S. platylepis as distinct by placing it in a separate genus, Babcockia. In addition, Boulos (1967) pointed out that S. leptocephalus and some allied species (with narrow leaves and small capitula) are different in many respects from the rest of Dendrosonchus species (broader leaves and large capitula) and placed them in a new genus Taeckholmia. However, Aldridge (1976a, b) , based on her extensive morphological investigation, strongly argued that the genera Babcockia and Taeckholmia cannot be distinguished from the subg. Dendrosonchus and placed them within it.
Monophyly of subg. Dendrosonchus and genus
The molecular phylogenetic study presented here strongly suggests that neither subg. Dendrosonchus nor genus Taeckholmia are monophyletic (Fig. 4) . For example, clade II includes two broader leaved Dendrosonchus species with T. arborea and S. wildpretii (a species of highly dissected leaves with small capitula, but placed in the subg. Dendrosonchus based on the authors' broader view of the subgenus; Reifenberger and Reifenberger, 1992) . In addition, four taxa of the subg. Dendrosonchus (S. gonzalezpadronii, S. orutnoi, S. radicatus, and S. tectifolius) are strongly clustered in clade IV with several typical Taeckholmia taxa. Unfortunately, the cpDNA tree (Fig. 3) was not resolved enough to determine whether this is due to hybridization and introgression in clade IV.
The combined ML tree (Fig. 4 ) allows us to reevaluate the different classification systems and species delimitations of Boulos (1972) and Aldridge (1976) . Aldridge treated three species of Dendrosonchus, S. pinnatus, S. canariensis, and S. palmensis, as three subspecies of S. pinnata. This study, in contrast, suggests that S. pinnatus, an endemic to Madeira, is not closely related to any of the two species. Rather, it is closely related to other Madeiran Dendrosonchus species, S. ustulatus and S. fruticosus, which indicates the common origin of all Madeiran species. This supports Boulos' species delimitation, recognizing them as three distinct species. Aldridge also recognized three subspecies in S. radicatus: subsp. radicatus (north coast, Tenerife), subsp. gummifer (south coast, Tenerife), and subsp. tectifolius (south side of Anaga, east Tenerife). In the cpDNA tree (Fig. 3) , the Sonchus radicatus complex sensu Aldridge (only two subspecies radicatus and tectifolius were included) represents the highly unresolved part of the clade. However, the ITS tree suggests that this complex is not monophyletic: subsp. radicatus and tectifolius are more closely related to S. ortunoi and S. gonzalezpadronii than to subsp. gummifer. Subspecies gummifer seems to be closely related to other Taeckholmia species in the group IV (Fig. 2) . This does not support the broader view of Aldridge for the S. radicatus complex.
Some of Aldridge's species delimitations are supported by the current phylogenetic study. For example. T. capillaris, and T. microcarpa were treated as the same subspecies of S. leptocephalus subsp. capillaris. The combined tree (Fig. 4) shows that they are sister taxa that have an identical cpDNA haplotype. However, the monophyly of S. leptocephalus, including two subspecies, subsp. leptocephalus (T. pinnata and T. canariensis) and subsp. capillaris, is left unresolved in this study.
Neither Boulos' nor Aldridge's infrasubgeneric and infrageneric classfication was supported by the current study. For example, Boulos recognized three sections within the subgenus Dendrosonchus, and they were polyphyletic. He also recognized two subgenera within Taeckholmia, Taeckholmia (T. pinnata, T. capillaris, T. canariensis, and T. microcarpa) and Pseudodendrosonchus (T. heterophylla, T. regis-jubae, and T. arborea), but the two subgenera are also polyphyletic (Fig. 4) . Aldridge (1976) divided the subg. Dendrosonchus into two sections, Dendrosonchus and Atalanthus, but these two sections are highly polyphyletic. Therefore, this study strongly suggests that the previous classification systems are artificial and need revision.
Monophyly and origin of Dendrosonchus species in Madeira and Cape Verde islands-This study suggests that Dendrosonchus species in Madeira are monophyletic ( Fig. 4; clade III, A) and that they originated most likely from Tenerife, the Canary Islands (Fig. 5) . Although the Madeira archipelago is very old (ca. 30 Myr), a single long-distance dispersal event (ca. 400 km; Fig. 1 ) of a common ancestor from Tenerife is likely responsible for the origin of the four Dendrosonchus taxa in Madeira. Colonization of Madeira from the Canaries involves dispersal against the prevailing trade winds, suggesting that birds carried seed to Madeira. The monophyly of the Madeiran clade is somewhat weak (66%), but all MP and ML trees support the monophyly, with an exception in the cpDNA ML tree (Fig. 3) . Nonmonophyly of the Madeiran clade in the cpDNA tree is due to very low sequence divergence among species in the clade. Within the Madeiran clade (Fig. 4) , two clades are further recognized with strong support; S. pinnatus-S. fruticosus and S. ustulatus (subsp. ustulatus and subsp. maderensis). Two subspecies of S. ustulatus, subsp. ustulatus and subsp. maderensis, are common on dry rocky and sunny areas on the south and north coast of Madeira, respectively. In contrast, S. fruticosus occurs in the Laurisilva and moist ravines in the interior of Madeira, mainly at altitudes of 800-1200 m. Sonchus pinnatus occurs primarily on rocky slopes, mainly at altitudes of 1000-1400 m (but it also occurs at lower altitudes). The combined tree (Fig. 4) suggests that the common ancestor of these taxa arrived in the coastal areas of Madeira and speciated into higher altitudes. There is also a gradual change in their habit from herbaceous caudex perennial (S. ustulatus subsp. ustulatus and subsp. maderensis; reaching 30 cm in height) to small shrub (S. pinnatus; reaching 2 m) and eventually to tall tree (S. fruticosus; reaching 4 m).
There is only one species of Dendrosonchus, S. daltonii, in the Cape Verde Islands, which is 1600 km southwest of the Canaries (Fig. 1) . Sonchus daltonii, a rosette shrub, is a critically endangered species in the island, with only ca. 30 individuals remaining (Gomes et al., 1995 (Gomes et al., , 1999 . The combined tree shows that S. daltonii represents a highly derived species within the alliance and is closely related to S. hierrensis, S. bornmuelleri, and S. gandogeri, which occur on geologically young islands (i.e, La Palma, El Hierro) . Therefore, the current study strongly suggests that S. daltonii originated from a Canary Island ancestor. This requires that the long-distance dispersal from the western Canary Islands was a single event facilitated by prevailing northeasterly trade winds, which were accentuated during the Pleistocene (Rognon and Coudé-Gaussen, 1996) and potentially by birds migrating between the two archipelagoes.
Hybridization and introgression-The initial ITS phylogeny of the woody Sonchus alliance indicated potential hybridization and introgression events between subg. Dendrosonchus and Taeckholmia. For example, two species of subg. Dendrosonchus, S. gonzalezpadronii and S. ortunoi, were clustered with several species of Taeckholmia in a very strongly supported clade (98% bootstrap value and a decay index of 3; Fig. 3 , Kim et al., 1996b) . Although each of these Dendrosonchus and Taeckholmia species occurs on the island of Tenerife and La Gomera, they are found in radically different environmental settings (Taeckholmia species are xerophytes and the two Dendrosonchus species are pachycaulous perennials or robust shrubs in mesic habitats) and have divergent phenotypes. The incongruence between the taxonomy (based on morphological similarities among the Taeckholmia species) and the placement of those taxa in the ITS phylogeny has several possible explanations. One explanation for this nonconcordance between the phenotypic and ITS characters is that subgenus Dendrosonchus is paraphyletic. A second explanation is that there has been a reticulation event since the origin of subg. Dendrosonchus, possibly involving the progenitors of the two Dendrosonchus and five Taeckholmia species that fall into the common clade. Lastly, lineage sorting of ancient polymorphic ITS sequences for rapidly radiated lineages in the alliance can also explain this pattern.
The new ITS and combined ML trees shows that three additional species in the Sonchus radicatus complex in Tenerife, S. radicatus, S. gummifer, and S. tectifolius, were also clustered in the same unresolved group IV (Fig. 2 ) and clade IV (Fig. 4) . Within the group and clade, all Taeckholmia species are highly unresolved, but members of subg. Dendrosonchus, with the exception of S. gummifer, form a moderately supported clade, indicating closer relationships among them than to other species of Taeckholmia. In addition to the species in clade IV, a newly sequenced S. wildpretii and T. arborea species were placed in clade II containing the two Dendrosonchus species, S. pinnatifidus and S. brachylobus. Sonchus wildpretii, one of the critically endangered species in the island of La Gomera, does not belong to either Dendrosonchus or Taeckholmia (but is phenotypically more similar to Taeckholmia than to Dendrosonchus; Reifenberger, 1992, 1996) . Taeckholmia arborea is similar to other typical species of Taeckholmia, but with somewhat broader leaf lobes (up to 5 mm) and slightly more florets per head (15-20 florets). Unlike the species in clade IV, the species in clade II occur on different islands, Lanzarote, La Gomera, Gran Canaria, and La Palma. These two cases indicate the potential effects of contemporary and/or more ancient hybridization in the evolution of the woody Sonchus alliance.
Despite the long cpDNA sequences we sampled (Ͼ4000 bp), the cpDNA phylogeny (Fig. 3) is highly unresolved and weakly supported, especially the clade containing the core members of the alliance. Therefore, we could not rigorously assess the role of hybridization and introgression. However, given low resolution and weak support, we obtained some insights into the potential role of hybridization and introgression. First, the four species in the group II in the ITS ML tree (Fig.  2) are sister to the remaining of the core alliance members, sharing similar haplotypes (Fig. 3) . This molecular congruence between ITS and cpDNA markers suggests that Taeckholmialike phenotypes are due to convergent evolution. However, we cannot completely rule out the possibility of initial hybridization between Dendrosonchus and Taeckholmia, with Dendrosonchus acting as the maternal parent in repeated backcrossing toward Taeckholmia, and the preferential fixation of Dendrosonchus type ITS sequences and/or selection against Taeckholmia ITS carrying individuals. Another possible explanation is lineage sorting of ancestral polymorphic ITS sequences and cpDNA haplotypes for rapidly radiated lineages within the alliance, which was suggested by isozyme study (Kim et al., 1999b) . As for the case of the hybridization in group IV (Fig.  2) , the cpDNA ML tree was highly unresolved, and we were not able to test the potential hybridization and introgression [Vol. 92 AMERICAN JOURNAL OF BOTANY hypotheses. More variable cpDNA markers for the core members of the alliance are needed to further test this hypothesis.
Biogeography-The molecular phylogenetic study of the woody Sonchus alliance suggests that the Canary Islands are the ancestral archipelago (Fig. 5) . All but one taxon of the basal lineages occur in mountains or mountain cliffs of the geologically old areas of Gran Canaria, the Canaries, suggesting that the common ancestor of the entire alliance first arrived in Gran Canaria and subsequently dispersed to other islands of the Canaries. This study also indicates that the Madeiran Dendrosonchus species are derived from a common ancestor in Tenerife, while the Cape Verde island endemic S. daltonii evolved from El Hierro. Colonization patterns from the Canaries to Madeira and Cape Verde are similar to the majority of Macaronesian endemics (e.g., Echium, Böhle et al., 1996; Pericallis, Panero et al., 1999; Sideritis, Barber et al., 2000; subg. Crambe, Francisco-Ortega et al., 2002 ; Teline monspessulana group, Percy and Cronk, 2002; Convolvulus, Carine et al., 2004) . The Madeira archipelago appears to be ancestral in a few other cases (e.g., Argyranthemum, Francisco-Ortega et al., 1996 , 1997 Tolpis, Moore et al., 2002) . Thus, the dispersal route from the Canaries to Madeira and Cape Verde (and also to Azores) appears to be a typical pattern for majority of flowering plants in the Macaronesian Islands.
The detailed geographic sampling of this study allowed us to determine the role of interisland colonization events and intra-island differentiation during the evolution of the woody Sonchus alliance. The best example of intra-island differentiation is on the island of Madeira (Fig. 4; clade IIIA) . The basal position of coastal taxa, S. ustulatus subsp. ustulatus and subsp. maderensis, suggests that radiation on this island initiated in this ecological zone. Likewise, intra-island speciation may have been important in the basal lineages (Gran Canaria, except in Lactucosonchus from La Palma) and clade IV (all members of this unresolved clade are from La Gomera and Tenerife). For the remaining clades, interisland colonization rather than intra-island differentiation probably has been the primary manner by which Sonchus has exploited the many ecological niches in the Macaronesian Islands. The important role of interisland colonization has been observed in other Macaronesian endemics (e.g., Crambe sect. Dendrocrambe, Francisco-Ortega et al., 2002; Aeonium, Mes 1995) , whereas the predominant role of intra-island speciation was documented in other taxa (e.g., Chamaecytisus proliferus complex, FranciscoOrtega et al., 1992 ; the silversword alliance, Baldwin et al., 1990, Baldwin and Robichaux, 1995; Hawaiian Lobeliads, Givnish et al., 1995) . Thus, both interisland dispersal events to similar ecological habitats and radiation within each island have played important roles in the evolution of the alliance.
Closing remarks-In this study, the combined analysis of nuclear and chloroplast DNA sequences provided improved resolution and identification of the four basal lineages within the Sonchus alliance. Subgenus Dendrosonchus and genus Taeckholmia are not suggested to be monophyletic and S. tuberifer, the only member of subg. Sonchus within the alliance, is very closely related to core members. The radiation of the alliance from Gran Canaria is given strong support, as are two distinct instances of long-distance dispersal giving rise separately to the origin of Dendrosonchus species in Maderia and the Cape Verde islands.
Poor resolution in the cpDNA phylogeny for the core members of the alliance unfortunately limited the assessment of the role of hybridization and introgression in adaptive radiation. The previous ITS phylogeny of the subtribe Sonchinae (Kim et al., 1996a (Kim et al., , 1999a and other preliminary data (S.-C. Kim, unpublished data) suggest that genus Sonchus is highly polyphyletic and new circumscription and reclassification of subtribe Sonchinae are needed. It seems also inevitable that several segregate monotypic genera of Sonchinae in the Pacific and Atlantic islands (i.e., Embergeria, Kirkianella, Actites, Babcockia, Sventenia, Lactucosonchus, Chrysoprenanthes) and two genera of Dendroseridineae (i.e., Dendroseris and Thamnoseris) evolved within the genus Sonchus. These lingering uncertainties point to the need for a comprehensive classification of this plant group based on both phylogenetic reconstruction and a reevaluation of traditional taxonomic characters.
Understanding plant evolution and speciation in oceanic islands has been hindered by a lack of molecular variation, the convergent evolution of similar morphological traits in island settings, and an insufficient analysis of the role of hybridization and introgression. The phylogenetic relationships among species of the woody Sonchus alliance in the Macaronesian Islands, a premier example of adaptive radiation in the Atlantic Ocean, have thus far been difficult to determine accurately. Future research needs to be focused on finding several alternative nuclear intron regions to fully resolve phylogenetic relationships within the alliance and also to determine the role of hybridization and introgression in adaptive radiations.
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